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We investigated the role of heme oxygenase-1 (HO-1),
a powerful anti-inflammatory and anti-oxidant en-
zyme, in modulating cigarette smoke (CS)-induced
mucus secretion. In both rats and mice, 5-day CS
exposure increased HO-1 expression and activity,
mucus secretion, MUCIN 5AC (MUC5AC) gene and
protein expression, and local inflammation, along
with up-regulation of dual oxidase 1 gene expression
and both the activity and phosphorylation of the epi-
dermal growth factor receptor, which is involved in
MUCS5AC induction. Pharmacological induction of
HO-1 prevented these actions and inhibition of HO-1
expression by a specific siRNA potentiated them. In
French participants to the European Community Re-
spiratory Health Survey II (n = 210, 30 to 53 years of
age, 50% males) exposed to CS, a significant increase
in the percentage of participants with chronic spu-
tum was observed in those harboring at least one
allele with a long (GT),, in the HO-1 promoter gene
(>33 repeats), which is associated with a low level of
HO-1 protein expression, compared with those with a
short number of (GT)n repeats (21.7% versus 8.6%,

P = 0.047). No such results were observed in those
who had never smoked (z = 297). We conclude that
HO-1 has a significant protective effect against air-
way mucus hypersecretion in animals and humans
exposed to CS. (Am J Pathol 2008, 173:981-992; DOI:
10.2353/ajpath.2008.070863)

In the human respiratory tract, the airway epithelium pro-
vides a barrier against various environmental insults. The
normal airway epithelium is coated with a mucus layer.
Mucins (eg, MUC5AC) are major components of mucus,’
which assists in clearing inhaled foreign materials. In
contrast with the physiological situation, airway mucus
hypersecretion is now recognized as a key pathophysi-
ological feature in different chronic inflammatory pulmo-
nary diseases such as chronic obstructive pulmonary
disease (COPD).? Through airway obstruction and infec-
tion, mucus hypersecretion greatly contributes to the
morbidity and mortality associated with COPD,*® a com-
mon disease that represents a major public health prob-
lem. Indeed, COPD is a global epidemic of major propor-
tions that is predicted to become, by 2030, the fourth
most common cause of death and the fifth most frequent
cause of chronic disability.® Cigarette smoking is the
main etiological factor of COPD and is closely associated
with mucus hypersecretion.”

The epidermal growth factor receptor (EGF-R) cascade
plays a central role in mucin production by airway epithelial
cells in response to cigarette smoke (CS) and a wide variety

Supported by INSERM and Université Paris 7, France (to A.A.,, AG., NA.,
R.B., JEB., B.L, MA. and J.B.); INSERM and Université Paris 5 Paris-
Descartes, France (to M.B. and F.R., as a Soutien a Equipe en Emergence”);
Assistance Publique-Hopitaux de Paris, France (as a Contrat d’Interface to
J.B.); Albaath University, Syria (to A.A.); the Association pour la Recherche
sur les Nicotianées, France (to A.A. and A.G.); the Region lle de France (to
S.G. and J.D.); and the Ministry of Science and Higher Education, Poland
(grant PBZ-KBN 107/P04/2004 to S.G. and J.D.).
Accepted for publication July 9, 2008.

Address reprint requests to Jorge Boczkowski, INSERM U700, Faculté
de Médecine Paris 7, Site X. Bichat, BP416, 75870 Paris Cedex 18,
France. E-mail: jorge.boczkowski@inserm.fr.

981



982  Almolki et al
AJP October 2008, Vol. 173, No. 4

of inflammatory or oxidative stimuli."® EGF-R activation in-
volves two different pathways: ligand-dependent and -inde-
pendent EGF-R tyrosine phosphorylation. Recent studies
well characterized the molecular actors involved in these
pathways.®~'* However, specific treatment for mucus hy-
persecretion in conditions such as COPD is lacking.

The microsomal enzyme heme oxygenase (HO) cata-
lyzes the oxidation of heme to biliverdin (converted to
bilirubin by biliverdin reductase) and carbon monoxide
(CO) and is widely distributed in mammalian tissues.'®
Two main isoforms, from different genes, have been iden-
tified: inducible heme oxygenase-1 (HO-1) (also known
as heat shock protein 32), and constitutive HO-2. HO-1
expression is extremely sensitive to various agents that
cause oxidative stress' and exhibits, in turn, powerful
anti-oxidant and anti-inflammatory properties. In airways,
HO-1 is expressed in epithelium, smooth muscles, and
macrophages,’® and is involved in protection against
inflammation and oxidative stress in pathological condi-
tions such as hyperoxia, asthma, or emphysema.'® Usu-
ally, the protective role of HO-1 is two faced: decreased
consequences of aggression with HO-1 induction and
potentiation of these phenomena as a result of a de-
creased HO-1 expression. This last point is particularly
interesting from a clinical point of view because of the
existence of a HO-1 gene promoter polymorphism lead-
ing to low levels of protein expression.’” This polymor-
phism has been associated with increased susceptibility
to diseases such as pulmonary emphysema in smok-
ers.'® In this sense, HO-1 can be seen either as a poten-
tial therapeutic target'® and/or a disease susceptibility
marker. However, despite the protective properties of
HO-1 against airway inflammation and oxidative aggres-
sion, whether HO-1 is part of a protective mechanism
against mucus hypersecretion and mucin induction on
exposure to CS has yet to be examined. Elucidation of
such a mechanism would have important pathophysio-
logical and therapeutic consequences.

To investigate the involvement of HO-1 as a protective
mechanism against mucus hypersecretion induced by
CS, we used a translational experimental approach. First,
we examined the effect of HO-1 on airway mucus hyper-
secretion induced by exposure to CS in vivo in two animal
species (rats and mice) and the involved molecular
mechanisms. In initial experiments, we examined whether
pharmacological induction of HO-1 expression and ac-
tivity by hemin protected rats against airway mucus hy-
persecretion induced by CS exposure. We chose rats
because the species reproduces many features of hu-
man exposure to tobacco smoke.?® Hemin is both an
inductor and a substrate of HO-1, thus ensuring its high
expression and activity. To complete these experiments,
we examined whether down-regulating HO-1 potentiated
mucus hypersecretion induced by CS by use of an in vivo
siRNA strategy. We performed these experiments in
mice,?" 22 thus expanding on the data obtained in rats.

Finally, we analyzed the clinical implications of animal
data by examining, in a sample of 507 participants from the
European Community Respiratory Health Survey,®® whether
the aforementioned HO-1 gene promoter polymorphism,

leading to low levels of HO-1 protein expression, was asso-
ciated with increased chronic sputum prevalence, a symp-
tom of respiratory mucus hypersecretion.

Materials and Methods

Animal Studies
Animals

All of the animal experiments were approved by the
local institutional animal care and use committee and the
experimental protocol was in agreement with the recom-
mendations related to animal studies of the French Law.

Experimental Protocol in Rats

Pathogen-free male Sprague-Dawley rats (150 to
200 g body wt; Janvier, France) were housed in individual
cages and given free access to water and food. Two
groups of animals were studied: the CS group was ex-
posed to filtered mainstream smoke (2R4F research cig-
arettes; Tobacco Health Research, Lexington, KY) 10
cigarettes/hour, 2 hours/day (morning and evening) for 5
days by use of a smoking machine (Anitech, Paris,
France). Animals were placed in a restraining box and CS
was delivered cyclically (1 puff/minute, 15 seconds with
the box closed and the remaining 45 seconds with the
box open, to mimic as much as possible the behavior of
a smoker). Preliminary experiments showed that HoCO
was 10 to 12% at the end of the second exposure period
(data not shown). The procedure was similar for control
animals (group C), except that they were exposed to
filtered room air instead of CS.

CS and C groups were randomly divided into three
subgroups. One subgroup received 50 mg/kg body
weight of hemin, an HO-1 inductor, administered intra-
peritoneally, on days 1 and 3. A second subgroup re-
ceived 50 mg/kg body weight of hemin plus 35 mg/kg
body weight of tin protoporphyrin IX (SnPP-IX),?* an in-
hibitor of HO activity, administered intraperitoneally on
days 1 and 3 but 6 hours before hemin administration.
The third subgroup received SnPP-IX or hemin vehicle (1
mmol/L NaOH in phosphate-buffered saline) at the same
time points as subgroup 2. The solutions of SnPP-IX and
hemin were protected from light because light can acti-
vate protoporphyrin to produce radicals, which are toxic
to tissues.?® Each experimental subgroup included 30 to
35 animals.

In another set of experiments, animals received either
50 mg/kg/day of apocynin,?®#” an NADPH oxidase inhib-
itor, or its vehicle (phosphate-buffered saline) adminis-
tered intraperitoneally during the 5-day exposure. Each
experimental group included 10 to 12 animals. On day 5,
the animals were sacrificed just after the last CS expo-
sure. They were anesthetized with sodium pentobarbital
(50 mg/kg body weight, delivered intraperitoneally), and
a tracheal cannula was inserted via a tracheotomy into
the lumen of the trachea. The abdominal cavity was
opened immediately, and the animals were exsangui-



nated via the abdominal aorta. Bronchoalveolar lavage
(BAL) was performed, and cells were counted. Samples
of BAL supernatant were frozen for cytokine measure-
ment. Samples of lung were removed rapidly for imme-
diate measurement of HO activity. Then, samples of the
trachea were removed rapidly and immediately frozen in
liquid nitrogen and stored at —80°C until use. In a sepa-
rate set of animals, the trachea was removed without
lavage and divided in two pieces: one immerged in form-
aldehyde and the second cut into rings and placed in
Krebs solution for measuring reactive oxygen species
production.

Experimental Protocol in Mice

Pathogen-free male Balb/C mice (20 to 30 g body wt;
Janvier) were exposed to CS or to room air (CS and C
animals, respectively) for 2.5 days, following the same
protocol of exposure as that for rats. We choose this
duration of CS exposure because we observed in prelim-
inary experiments that it corresponded to the maximal
effect of the HO-1 siRNA in terms of HO-1 protein expres-
sion down-regulation.

Both CS and C animals were randomly divided into two
groups: the first was injected with siRNA specifically tar-
geted against HO-1 and the second with nonspecific
siRNA, both delivered by a high-pressure technique.®®
Briefly, an amount of 50 g of siRNA diluted in 1 ml of ringer
lactate was delivered by rapid injection (10 seconds) in the
tail vein 4 hours after the first hour of exposure to CS or room
air. HO-1-specific siRNA nuclectide sequences were as
follows?'?2: sense, 5-AAGCCACACAGCACUAUGUAA-
dTdT-3'; and antisense, 5-UUACAUAGUGCUGUGUG-
GCUUTdT-3’. Nonspecific siRNA was provided by Qia-
gen (Courtaboeuf, France): sense, 5-UUCUCCGAACGU-
GUCACGUdTAT-3" and antisense: 5'-ACGUGACACGU-
UCGGAGAAdTAT-3". Animals were sacrificed on day 3
after exposure to CS or room air. In a previous study we
verified that this protocol of administration of HO-1 si-RNA
specifically decreased HO-1 protein expression in different
organs (joint, lungs, spleen, and liver) in mice.?® Sacrifice
and lung sampling were as described in the experimental
protocol for rats. Each experimental group included six to
eight animals.

Measurement of HO Activity

HO activity was quantified by measuring bilirubin pro-
duction by lung microsomes, as described previously.?®

Immunohistochemical Evaluation of HO-1 Expression
in Tracheal Rings

HO-1 immunohistochemical detection was performed
as described previously®° using a polyclonal anti-HO-1
antibody (StressGen Biotechnologies Corp., Victoria,
Canada).
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Western Blot Assay of HO-1, HO-2, and
Phosphorylated and Nonphosphorylated
Expression of the of EGF-R

HO-1 and HO-2 protein expressions were detected in
trachea homogenates by Western blot analysis, as de-
scribed previously,®' using the same antibody as for immu-
nohistochemistry (HO-1) and a polyclonal anti-HO-2 anti-
body (StressGen Biotechnologies Corp.). Phosphorylated
(tyrosine 845) and nonphosphorylated expression of EGF-R
was detected by Western blot using polyclonal antibodies
from Cell Signaling Technology Inc. (Danvers, MA).

Immunoassay of MUC5AC Protein

MUCS5AC protein in the BAL fluid of rats was measured
with slight modifications of the method described previ-
ously®? using a MUC5AC monoclonal antibody (clone 45
M1, 1/500; NeoMarkers, Fremont, CA).The concentra-
tions of mucins in BAL were determined using bovine
submaxillary gland mucins (type |; Sigma-Aldrich, St.
Louis, MO) as a standard. The results were reported as
mg/ml of MUC5AC protein.

Evaluation of mRNA Expression

MRNA expression analysis was performed in trachea
homogenates by quantitative real-time reverse transcrip-

Table 1. Primer Sequences
Gene Primer sequences

Rat MUC5AC

Forward 5'-CAAGAGGAGTGCCTCTGGTC-3’

Reverse 5'-GCTGCTGTAGTGCATGGAAA-3'
Rat MUC5B

Forward 5'-CAGGTGTATGGCCCAGAACT-3'

Reverse 5'-CCAGGAAGTGTGTGTGGATG-3'
Mouse

MUC5AC

Forward 5'-GGACCTGGAAACTATAGCAACATT-3'

Reverse 5'-GCACACCAGGCCCACACT-3’
Mouse HO-1

Forward 5'-CACGCATATACCCGCTACCT-3'

Reverse 5'-CCAGAGTGTTCATTCGAGCA-3'
Rat DUOX1

Forward 5'-CAGGACAAGGAGGAGCTGAC-3'

Reverse 5'-GCGCTCATTCTAGGTGAAGG-3'
Rat DUOX2

Forward 5'-GTGCTCCGTACCATCCAACT-3’

Reverse 5'-GCTTGGTCACAGCCTTTCTC-3'
Mouse DUOX1

Forward 5'-CTTCTTTTGGCTTGCAGGAG-3'

Reverse 5'-GAGGCACTAAGGAGGCTGAC-3'
Rat TGF-«a

Forward 5'-GCAAGTTCTGCCTGTTCCTC-3'

Reverse 5'-GCACTGAACCAACCCACTTT-3'
Mouse TGF-a

Forward 5'-GCCCAGATTCCCACACTCAGTA-3’

Reverse 5'-TCTGCATGCTCACAGCGAA-3'
Rat B-Actin

Forward 5'-AGCCATGTACGTAGCCATCC-3'

Reverse 5'-CTCTCAGCTGTGGTGGTGAA-3'
Mouse B-Actin

Forward 5'-GTGGGCCGCTCTAGGCACCA-3'

Reverse 5'-TGGCCTTAGGGTTCAGGGGG-3'
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tase-polymerase chain reaction (RT-PCR) by use of the
PCR ABI 7700 apparatus (Applied Biosystems, Foster
City, CA) as described previously.®' Sequences of the
primers used are provided in Table 1.

Measurement of Reactive Oxygen Species Release
by Tracheal Rings

The release of reactive oxygen species by tracheal
rings was assessed by luminol-dependent chemilumi-
nescence, as described previously.'" Briefly, tracheal
rings were placed in luminometer cuvettes containing
500 pmol/L of luminol in a final volume of 0.5 ml of Krebs
solution. Chemiluminescence was measured every 15
seconds for 60 minutes at 37°C. The integrated response
was determined with the use of a computer program
supplied with the luminometer (AutoLumat LB 953; EG &
G Instruments, Evry, France). Data are presented as the
area under curve for 60 minutes, normalized to the wet
weight of the ring.

Histology and PAS Staining

Trachea in paraffin blocks were sectioned in the coro-
nal plane at 5 um and affixed to slides. After paraffin
removal and rehydration, slides were stained with hema-
toxylin and eosin for histology or Alcian blue/periodic
acid-Schiff for detection of mucin glycoproteins and then
were dehydrated in graded ethanol and mounted. In rats,
a semiquantitative analysis of staining was performed by
counting the number of positive epithelial cells. Results
are expressed as the percentage of positive cells over
the total number of epithelial cells. At least 10 fields (X20
magnification) were counted in each slide. A similar ap-
proach was applied to mice samples, by counting the
number of positive epithelial cells in submucosal glands
and expressing results as the percentage of positive cells
over the total number of epithelial cells in the glands.

Drugs

Hemin chloride and SnPP-IX were purchased from
Porphyrin Products (Logan, UK). Sodium thiopental (Nes-
donal) was purchased from Specia-Rhone-Poulenc (Ro-
mainville, France). Reagents for Western blotting were
from Bio-Rad Laboratories (Richmond, CA). All other
chemicals were purchased from Sigma-Aldrich (St.
Quentin-Fallavier, France).

Human Studies

We analyzed the relation between HO-1 gene promoter
polymorphism and chronic sputum prevalence in smok-
ers from a general population sample. Methods are de-
scribed elsewhere.?® Data were collected in Grenoble,
Montpellier, and Paris (France) as part of the multicenter
longitudinal European Community Respiratory Health
Survey.®3 Of the 1650 participants (20 to 44 years of age)

examined in 1992, 1066 were followed-up in 2000 (par-
ticipation rate = 64.4%). We analyzed data for 297 par-
ticipants who never smoked (never-smokers) and 210
smokers examined in 2000 for whom complete data,
including forced expiratory volume in 1 second (FEV,) for
both 1992 and 2000 as well as HO-7 genotype, were
available.®® The participants were considered to have
chronic sputum if they answered yes to both “Do you
usually bring up with phlegm during the day, or at night,
in the winter?” and “if yes, do you bring up with phlegm
on most days for as much as three months each year?”
Analysis of the length variability of (GT), repeats in the
HO-1 gene promoter was described previously.?® If the
number of (GT),, repeats in the HO-1 gene promoter was
higher than 33, the allele was defined as long (L). Partic-
ipants with one or two L alleles (group L*) were com-
pared to those with no L alleles (group L7).

L allele has already been associated with a low level of
protein expression.'” We verified such association in the
present study by measuring HO-1 levels in plasma (ELISA
kit, Stressgen Biotechnologies Corp.) in subsets of patients
representative for the different groups in which the relation
between HO-1 genotype and chronic sputum phenotype
was analyzed. HO-1 protein level in serum was quantified
previously in different studies.®**® The number of never-
smoker patients in which HO-1 plasma levels were quanti-
fiedwas 16 L (3, 11, and 2 L/L, L/M, and L/S, respectively)
and 24 L~ (11, 10, and 3 M/S, M/M, and S/S, respectively)
whereas the number of smokers in which this measurement
was performed was 7 L* (3 and 4 L/M and L/S, respec-
tively) and 25 L™ (13, 8, and 4 M/S, M/M, and S/S, respec-
tively). Written informed consent was obtained from all par-
ticipants before inclusion, and the protocol was approved
the French Ethics Committee for Human Research.

Statistical Analysis

For animal studies values are given as mean = SEM.
Data obtained in animals were analyzed by one-way
analysis of variance or nonparametric tests as appropri-
ate. For human studies, values are given as either per-
centages for qualitative factors (center, sex, HO-1 alleles,
HO-1 genotypes) or mean = SD for quantitative factors
(age, FEV1% predicted, FEV1%/FVC). A lack of underly-
ing population stratification for the polymorphism (Hardy-
Weinberg structure) was tested using a x° test. For de-
scriptive purpose, nonsmokers and smokers were
compared with the ¥° test for qualitative factors or Mann-
Whitney test for quantitative factors. Differences in HO-1
serum levels were tested with Kruskal-Wallis and Dunn’s
multiple comparison test. A separate analysis was per-
formed to compare the risk of chronic sputum in group
L* versus group L™, in never-smokers and in smokers
separately. Because of small numbers of participants
with chronic sputum in nonsmokers, a Fisher test was
used in this subgroup, whereas a x* was used in
smokers. Significance for all statistics was accepted at
P < 0.05.
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Figure 1. HO-1 expression and HO activity in
rats exposed or not to CS. A: Typical Western
blot showing detection of HO-1 protein expres-
sion. The bottom part shows densitometric anal-
* ysis of HO-1 expression expressed as a ratio of
B-actin expression. C, Exposure to room air; CS,
exposure to cigarette smoke; H, hemin; SnPP-IX,
tin protoporphyrin IX. Values are mean *= SEM,
n = 8 to 10 in each group. *P < 0.05 versus
vehicle-treated C; “P < 0.05 versus vehicle-
treated CS. B: Immunohistochemical analysis of

C CS
160

120 +

80 -

40 -

Bilirubin
(pmol/mg prot/hour)
*

*

HO-1 expression in the trachea of one rat ex-

posed to room air (C) and in another exposed to

CS cigarette smoke (CS). Staining was observed in

the tracheal epithelium of the CS rat. No staining

was observed with the isotype antibody (data

not shown). The bottom part shows the percent-

age of HO-1 (+) cells over the whole number of
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magnifications, X40.
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Results

Animal Studies

CS Exposure in Rats Induced HO-1, MUC5AC, and
Lung Inflammation

Rats exposed to CS for 5 days showed a fourfold in-
creased HO-1 protein expression in trachea as compared
to air-exposed animals (Figure 1A). HO-1 protein expres-
sion was observed in epithelial cells (Figure 1B). No change
in HO-2 protein expression in trachea homogenates was
observed (data not shown). Increased HO-1 protein expres-
sion was accompanied by a marked increase in HO activity,
by fourfold, with cigarette-smoke exposure as compared to
air exposure (P < 0.05, Figure 1C).

In parallel with HO-1 induction, exposure to CS increased
MUC5AC mRNA expression by threefold in trachea, and
MUCS5AC protein concentration in BAL by twofold (P < 0.05
versus C rats, respectively; Figure 2, A and B), whereas no
change in MUC5B mRNA expression was observed (Figure
2A). Mucus secretion paralleled induction of MUC5AC
mRNA and protein, as revealed by a significant increase in
the percentage of PAS-positive tracheal epithelial cells in
CS animals (Figure 2C). MUCB5AC induction and mucus
hypersecretion were associated with an EGF-R activation,
as seen by an increase in EGF-R phosphorylation on ty-
rosine 845 in trachea of CS rats as compared to C rats
(Figure 3A). Interestingly, EGF-R protein and mRNA expres-
sion were unchanged in CS animals (Figure 3, A and B).

Expression of the mRNA of transforming growth factor
(TGF)-a, an EGF-R ligand involved in airways mucus pro-
duction,” was also increased in CS rats (Figure 3C). These
modifications observed in CS animals were accompanied
by an increased BAL cellularity. CS rats showed a 65%
increase in the number of total inflammatory cells in BAL
fluid as compared to C animals (from 6.98 = 0.02 X 10° to
10.57 = 0.06 X 10° cells/ml, P < 0.05; Table 2). The
increased cellularity in CS animals concerned neutrophils
and macrophages (Table 2).

HO-1 Induction with Hemin Protects against Mucus
Hypersecretion Induced by CS Exposure in Rats

Repeated administration of hemin, an HO-1 inducer
and substrate, increased HO-1 protein expression and
HO activity in C rats (P < 0.05; Figure 1, A and C), and
further increased activity in CS rats (P < 0.05 versus
vehicle treated CS animals). This effect was reversed by
concomitant administration of the HO inhibitor SnPP (Fig-
ure 1C). Hemin did not change tracheal HO-2 protein
expression (data not shown). Hemin administration in C
rats did not significantly modify MUC5AC mRNA and
protein expression, mucus production, EGF-R phosphor-
ylation, TGF-a expression, and BAL cellularity (Figures 2
and 3, and Table 2). In CS rats, hemin administration
significantly reduced MUC5AC induction and mucus se-
cretion, EGF-R phosphorylation, TGF-a expression, and
BAL cellularity (Figures 2 and 3, and Table 2). These
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changes were reversed by concomitant administration of
SnPP (Figures 2 and 3, and Table 2).

Down-Regulation of DUOX1/NADPH Oxidase Is
Involved in the Protective Effect of HO-1 against
Mucus Hypersecretion

Recent in vitro data showed that epithelial dual oxi-
dase-1 (DUOX1)/NADPH oxidase is involved in ligand-
dependent EGF-R activation.'® Therefore, we examined
whether HO-1-attenuated MUC5AC induction by CS re-
sults from down-regulated DUOX1. We first examined
DUOX1 expression and activity in the trachea of rats
exposed to CS and then analyzed the effect of apocynin,
an NADPH oxidase blocker, on MUC5AC induction. CS
rats showed significantly increased DUOX1 mRNA ex-
pression (Figure 4A), and reactive oxygen species pro-
duction (P < 0.05 versus C animals; Figure 4B). Further-
more, because expression of DUOX2 mRNA was not
changed in CS as compared to C animals (Figure 4A)
and no inflammatory cells were seen infiltrating the tra-
chea (Figure 2C), the reactive oxygen species produc-
tion might reflect the DUOX1 activity.

Because DUOX activity is inhibited by apocynin,®® we
used this molecule to examine the role of DUOX1 on mucus

secretion induced by CS. Apocynin administration signifi-
cantly reversed CS-induced reactive oxygen species pro-
duction, MUC5AC induction, mucus secretion, and EGF-R
phosphorylation in tracheal rings (Figure 5), which suggests
a causative role of DUOX1 in these phenomena. Therefore,
we next examined whether the protective effect of hemin
involved attenuation of DUOX1 induction. Hemin adminis-
tration to CS rats significantly attenuated DUOX1 mRNA
induction and reactive oxygen species production (Figure
4), which were reversed by concomitant administration of
SnPP. These results suggest that HO-1 up-regulation could
prevent MUCBSAC induction by attenuating a DUOX1/
EGF-R pathway. Of note, in C rats, hemin and SnPP admin-
istration, which resulted in reduced HO activity as com-
pared to vehicle-treated animals (Figure 1C), significantly
increased DUOX1 expression and reactive oxygen species
production (P < 0.05 versus vehicle-treated animals; Figure
4), with MUC5AC expression and EGF-R phosphorylation
unchanged (Figures 2 and 3, respectively).

Down-Regulated HO-1 Expression in Mice
Potentiates DUOX1 and MUC5AC Induction
by CS Exposure

To complete the experiments with hemin, we examined
whether down-regulating HO-1 expression potentiated
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Figure 3. EGF pathway in rat epithelium. A: Typical Western blot showing
detection of phosphorylated (pEGF-R, Tyr845) and nonphosphorylated EGF-R
expression. The bottom part shows densitometric analysis of pEGF-R expres-
sion as a ratio of EGF-R expression. Abbreviations are the same as those in Figure
1. Values are mean = SEM, n = 10 to 12 in each group. *P < 0.05 versus
vehicle-treated C; “P < 0.05 versus vehicle-treated CS. B: Real-time RT-PCR
analysis of EGF-R mRNA expression as a ratio of B-actin mRNA level.
Abbreviations are the same as those in Figure 1. Values are mean = SEM, n =
12 to 15 in each group. C: Real-time RT-PCR analysis of TGF-a mRNA
expression as a ratio of B-actin mRNA level. Abbreviations are the same as
those in Figure 1. Values are mean £ SEM, 7 = 12 to 15 in each group. *P <
0.05 versus vehicle-treated C; “P < 0.05 versus vehicle-treated CS.

DUOX1 expression, oxidants production, EGF-R phos-
phorylation, TGF-a expression, MUC5AC induction, and
mucus secretion in mice exposed to CS. We used an in
vivo siRNA strategy. Exposure of mice to CS induced

Figure 4. DUOX1 pathway in rats exposed or not to cigarette smoke. A:
Real-time RT-PCR analysis of DUOX1 and DUOX2 mRNA expression ex-
pressed as a ratio of B-actin mRNA level. Abbreviations are the same as those
in Figure 1. Values are mean = SEM, n = 12 to 15 in each group. *P < 0.05
versus vehicle-treated C; P < 0.05 versus vehicle-treated CS. B: Reactive
oxygen species production in tracheal rings evaluated by chemilumines-
cence. Values are expressed as the total chemiluminescence produced (cpm)
throughout 60 minutes, normalized to the wet weight of the ring. Abbrevi-
ations are the same as those in Figure 1. Values are mean = SEM, n = 10 to
12 in each group. *P < 0.05 versus vehicle-treated C; P < 0.05 versus
vehicle-treated CS.

HO-1 protein, DUOX1 mRNA expression, oxidants pro-
duction, EGF-R phosphorylation, TGF-a expression,
MUC5AC mRNA expression, and mucus secretion in tra-
chea (Figure 6). Attenuating HO-1 expression with a spe-
cific siRNA further increased these phenomena (Figure 6).
It has to be noted that, as described previously,>” mucus
secretion was only observed in submucosal glands. PAS
staining intensity was —/+ in C animals exposed to
both nonspecific and HO-1-specific siRNA, and ++
and +++/++++ in CS animals exposed to nonspecific
and HO-1-specific siRNA, respectively. Interestingly, al-

Table 2. Differential Cell Count in Bronchoalveolar Lavage (BAL) Fluid of Animals Exposed or Not to Cigarette Smoke
Number of cells (10°/ml)

Groups Total of inflammatory cells Neutrophils Macrophages Eosinophils Lymphocytes
C 6.98 = 0.02 0.45 = 0.05 278 0.2 0.13 = 0.04 0.23 = 0.04
C+H 4.85 + 0.04 0.30 = 0.04 2.39 £0.15 0.09 = 0.03 0.09 = 0.03
C+H+SnPP 8.12 = 0.05 0.73 = 0.09 3.491 £ 0.22 0.13 = 0.02 0.26 = 0.04
CS 10.57 + 0.06* 0.99 * 0.09% 4.744 = 0.20* 0.21 = 0.04 0.31 = 0.04
CS+H 5.57 = 0.03" 0.44 = 0.08" 2.655 * 0.221 0.07 = 0.03 0.17 = 0.04
CS+H+SnPP 9.562 = 0.06" 0.94 * 0.08* 4.743 = 0.10* 0.18 = 0.03 0.46 = 0.04

C, animals exposed to room air; CS, animals exposed to cigarette smoke; H, hemin; SnPP, tin protoporphyrin IX. Values are mean * SEM, n = 12
to 15 in each group.
*P < 0.05 versus vehicle-treated C; TP < 0.05 versus vehicle-treated CS.
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Figure 5. Effects of apocynin treatment in rats exposed or not to cigarette smoke. A: Reactive oxygen species production in tracheal rings evaluated by
chemiluminescence. Values are expressed as the total chemiluminescence produced (cpm) throughout 60 minutes, normalized to the wet weight of the ring. C,
Animals exposed to room air; CS, animals exposed to cigarette smoke; Apo, apocynin. Values are mean = SEM, 7 = 10 to 12 in each group. *P < 0.05 versus
vehicle-treated C; “P < 0.05 versus vehicle-treated CS. B: Real-time RT-PCR analysis of MUCSAC expression expressed as a ratio of B-actin mRNA level.
Abbreviations are the same as those in A. Values are mean * SEM, n = 10 to 12 in each group. *P < 0.05 versus vehicle-treated C; “P < 0.05 versus vehicle-treated
CS. C: PAS staining in trachea. PAS(+) cells are stained in red. The arrow shows a PAS(+) cell. The bottom part shows the percentage of PAS(+) cells over the
whole number of epithelial cells. Abbreviations are the same as those in A. Values are mean = SEM, n = 10 to 12 in each group. *P < 0.05 versus vehicle-treated
C; "P < 0.05 versus vehicle-treated CS. D: Typical Western blot showing detection of phosphorylated (pEGF-R, Tyr845) and nonphosphorylated EGF-R expression.
The bottom part shows densitometric analysis of pEGF-R expression expressed as a ratio of EGF-R expression. Abbreviations are the same as those in A. Values
are mean * SEM, n = 10 to 12 in each group. *P < 0.05 versus vehicle-treated C; “P < 0.05 versus vehicle-treated CS. Original magnifications, X40.

though no change in MUCS5AC level was observed in C
animals, HO-1 siRNA administration in these animals in-
creased DUOX1 expression and oxidants production. No
such changes were observed with nonspecific siRNA.
These results stress the critical role of HO-1 in the control of
mucin expression on exposure to CS.

Human Studies

Increased (GT),, Repeats in the HO-1 Gene Promoter Is
Associated with Chronic Sputum Prevalence in Smokers

To investigate the clinical implications of the animal
studies, we examined human samples originating from
smokers in the general population and focused on the
relation between a HO-1 gene promoter polymorphism,

which modulates HO-1 expression, and prevalence of
chronic sputum, reflecting mucus hypersecretion. Group
L" participants harbor at least one allele with a long (GT),,
in the HO-1 promoter gene (>33 repeats), which has
been reported to be associated with a low level of HO-1
protein expression.'” The main characteristics of the
sample are provided in Table 3. We observed no devia-
tion from the Hardy-Weinberg structure (P = 0.53) and
allele distributions were similar between nonsmokers and
smokers (Table 3).

A higher proportion of smokers in group L™ than in group
L™ had chronic sputum (21.7% versus 8.6%, P = 0.047). In
contrast, there was no difference in never-smokers (Figure
7A). As expected, HO-1 protein level in serum was significantly
lower in L™ as compared to L™ participants (both in never-
smokers and smokers, P < 0.05 in each case respectively;



HO-1 and Airway Mucus Production 989
AJP October 2008, Vol. 173, No. 4

B
o . i
£ *1 |3 ouoxi
o
1,5 ]
£ 403
‘g 1,2 o *
| 0,9 o ?
= ’ T
= 06 &y
o
2 o BN
0 NS HO-1 HO-1
HO-1 NS HO-1 siRNA  siRNA SIRNA siRNA
SIRNA siRNA siRNA  siRNA
C Cs
(o] ()
C . i
0 # PEGF-R wq wy FE
g EGF-R — — — — 4
c 2o £
S5 901 * 15 ° 3
822 x # b
£ 'E\_ E ® o [<=%
EZ: 601 o 1 3 ?
28% w '
== ° *
Egea @ G 1
25 £ 30 4 % 05 = | | | |
o UQJ- 0
04 0 HO-1 HO-1
NS HO-1 NS  HO-1 NS HO-1 NS  HOA SIRNA siRNA 5|RNA siRNA

SRNA  SiRNA siRNA siRNA SIRNA ~ siRNA  siRNA  siRNA

C Ccs
c cs C Ccs

berinae e

HO-1 siRNA NS siRNA HO-1 siRNA

C CSs

Figure 6. Effect of HO-1 siRNA administration in mice. A: Western blot analysis of HO-1 protein expression in trachea. The bottom part shows densitometric
analysis of HO-1 expression expressed as a ratio of B-actin levels. C, mice exposed to room air; CS, mice exposed to cigarette smoke; NS, nonspecific siRNA. Values
are mean * SEM, n = 8 in each group. *P < 0.05 versus C mice treated with nonspecific siRNA; “P < 0.05 versus CS mice treated with nonspecific siRNA. B:
Real-time RT-PCR analysis of DUOX1 and MUCSAC expression expressed as a ratio of B-actin mRNA levels. Abbreviations are the same as those in A. Values are
mean = SEM, n = 8 in each group. *P < 0.05 versus C mice treated with nonspecific siRNA; “P < 0.05 versus CS mice treated with nonspecific siRNA. C: Reactive
oxygen species production in tracheal rings evaluated by chemiluminescence. Values are expressed as the total chemiluminescence produced (cpm) throughout
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7P < 0.05 versus CS mice treated with nonspecific siRNA. Original magnifications, X40.

Figure 7B). These results expand on our in vivo data in animals oxia,®® influenza virus infection,® ozone-induced lung
and strongly suggest that HO-1 plays a critical role in mucus injury,*© and asthma.*"*? In all of these models HO-1 was
hypersecretion induced by CS in humans. induced as a compensatory mechanism, and further

pharmacological or transgenic induction had protective
effects. The same concept can be applied to the conse-

Discussion o

quences of CS exposure because HO-1 expression is
Up-regulated HO-1 expression attenuated pathological induced in healthy smokers as compared to controls.*3
phenomena in experimental models of pulmonary dis- However, smokers with severe COPD display a lower

21

eases such as ischemia-reperfusion injury,“' hyper- level of lung HO-1 expression as compared with smokers
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Table 3. Characteristics of the Human Subjects

Never-smokers Smokers

Variables (n = 297) (n = 210) P

Center

Grenoble 38.0 33.8 0.04

Montpellier 19.5 13.3

Paris 42,5 52.9
Sex (men) 50.9 49.0 0.2
Age (years) 441 £72 43873 06
FEV1% predicted 1059 =145 1019 =148 0.002
FEV1/FVC (%) 83.6 = 7.1 820+79 0.04
HO-1 allele (%)

Allele L 7 6 0.3

Allele M 57 53

Allele S 36 41
HO-1 genotype

Group L* 12.5 10.9 0.6

Group L™ 87.5 89.1

Results in percentage for qualitative variables and mean =+ SD for
quantitative variables.

FEV,4, forced expiratory volume in 1 second; FVC, forced vital
capacity.

Group L*: Subjects with one or two L alleles [number of (GT),
repeats in the HO-1 gene promoter higher than 33]. Group L™
Subjects with no L alleles.

without COPD.** Furthermore, the same (GT), dinucleotide
length polymorphism we analyzed in the present study has
been linked to the development of emphysema in smok-
ers'® and is associated with an accelerated rate of decline
of FEV, in heavy smokers (>1 pack/day).®® These obser-
vations imply that a low expression level of stress-defense
mechanisms such as HO-1 could contribute to the patho-
physiology of CS-induced diseases such as COPD.

The results of our study confirm and expand on these
data, showing that HO-1 induction with hemin prevented
MUCS5AC mRNA and protein expression and mucus hy-
persecretion induced by CS exposure. We choose to
up-regulate HO-1 with hemin and not with other strate-
gies (ie, HO-1 gene delivery) because hemin is not only
an inductor but also a substrate of the enzyme, thus
ensuring a high HO activity. It should be noted however,
that hemin might not be simply an inducer of HO-1, but
also of HO-2.*° However, we think a role of HO-2 in our
results unlikely because HO-2 expression was unmodi-
fied after CS and/or hemin exposure. Furthermore, we
ensure that the effects of hemin were reversed by the HO
inhibitor SnPP, which markedly reduced HO activity (Fig-
ure 1C), and opposite effects to those induced by hemin
were observed by specific inhibition of HO-1 expression

>

30 44

20 A

HO-1 (ng/ml)
N

0.

by an in vivo siRNA strategy. Moreover, we are confident
about the clinical implications of animal results because
we found a significant increase in chronic sputum in
smokers with a long (GT), in the HO-1 promoter gene,
which is associated with a low level of HO-1 protein
expression.'” We verified that this was the case in the
present study and found low concentrations of HO-1
protein in the plasma of L™ as compared to L™ never-
smokers and smokers. Collectively, these results demon-
strate, for the first time to the best of our knowledge, that
HO-1 significantly protects against airway MUC5AC ex-
pression and mucus hypersecretion induced by ciga-
rette-smoke exposure. HO-1 did not modify MUC5AC
expression in nonsmoking animals and patients, sug-
gesting that HO-1 acts only after the exposure to CS,
which supports the stress-response characteristic of this
system. These data agree with our recent results in pa-
tients from the same sample, showing the L™ genotype
associated with accelerated decline in lung function
among heavy smokers, with no such effect observed in
nonsmokers and patients smoking less than one pack
per day.?® Interestingly, the fact that the same factor (a
relative HO-1 deficiency) is associated with both chronic
sputum prevalence and accelerated decline of lung func-
tion in heavy smokers supports a cause-effect relation
between the former and the latter factor.*4¢47

As stated previously, the EGF-R cascade plays a central
role in mucin production by airway epithelial cells after
exposure to CS and other stimuli."” EGF-R activation in-
volves two different pathways: ligand-dependent and -inde-
pendent EGF-R tyrosine phosphorylation. The ligand-de-
pendent pathway involves TACE (now ADAM 17) activation
by DUOX1 with the consecutive cleavage of pro-TGF-a into
soluble TGF-a, whereas the ligand-independent pathway
involves EGF-R phosphorylation in response to oxidative
stress. Some stimuli, such as CS, can involve both path-
ways. In the present study, CS exposure induced phos-
phorylation of EGF-R on tyrosine 845 in both rats and mice,
as demonstrated previously with air pollution particles.*®
HO-1 induction by hemin prevented both DUOX1 induction,
and EGF-R activation induced by CS, and apocynin mim-
icked hemin effects. These data suggests that the preven-
tive effect of HO-1 on EGF-R activation and MUC5AC ex-
pression could be secondary to the suppression of DUOX1
induction. Furthermore, suppression of TGF-« induction by
hemin stress the implication of the ligand-dependent path-
way as a mechanism involved in modulation of mucus pro-

Figure 7. Consequences of HO-1 gene pro-
moter polymorphism. A: Prevalence of chronic
sputum by HO-1 genotype [group L* (one or
two L alleles) versus group L™ (no L allele)] in
210 smokers and 297 never-smokers examined
in 2000 in the European Community Respiratory
Health Survey. B: HO-1 protein levels in plasma
in a subset of L™ and L™ patients (32 smokers
and 40 never-smokers). Values are mean * SD.

% of subjects with chronic sputum

L+ L- L+ L- L+

L-

*P < 0.05 versus respective L™ patients.
L+ L-

Never smokers Smokers

Never smokers

Smokers



duction by HO-1. It must be noted that apocynin inhibits not
only DUOX1,%® but also other NADPH oxidase gp91P"ox
homologues. However, because DUOX1 is highly ex-
pressed in tracheal epithelial cells,'®®° the expression of
DUOX2, which is also expressed in tracheal epithelial
cells,*® was unchanged in CS rats, and no inflammatory
cells were seen infiltrating the trachea (Figure 2C), we are
confident in the specificity of apocynin as a DUOX1 inhibitor
in the present experimental model. Furthermore, specific
siRNA inhibition of HO-1 expression potentiated both
DUOX1 expression and activity, EGF-R phosphorylation,
TGF-a expression, MUC5AC induction, and mucus produc-
tion by CS exposure in mice, stressing the role of HO-1 in
modulating DUOX1 expression and ensuing signaling
events. Modulation of DUOX1 expression by HO-1 could be
secondary to the anti-inflammatory properties of this en-
zyme, demonstrated in the present study by the reduced
BAL inflammatory cellularity in CS animals receiving hemin.
Indeed, it has been shown in primary human airway epithe-
lial cells that DUOX1 is up-regulated by inflammatory cyto-
kines, such as IL-13.%° In addition, a decreased heme con-
tent secondary to the increased HO-1 activity could
contribute to a decreased DUOX1 protein stability, as dem-
onstrated previously in the case of other NADPH oxidase
homologues.®' However, examination of these mecha-
nism(s) deserves further investigations.

In addition to potentially blocking DUOX1-mediated
EGF-R phosphorylation, HO-1 could suppress MUC5AC
induction by interfering with the ligand-independent path-
way. Indeed, suppression of HO-1 activity in both control
rats and mice increased DUOX1 expression and oxidants
production, but not EGF-R phosphorylation, TGF-a expres-
sion, MUC5AC expression, and mucus production. This
result and data obtained with apocynin could mean that
DUOX1-derived oxidants are necessary but not sufficient to
phosphorylate the EGF-R in the context of CS exposure.
Indeed, it has been previously shown that tobacco smoke
induces mucin synthesis in airway epithelial cells and gen-
eration of reactive oxygen species, which can directly trans-
activate the EGF-R.8 Therefore, one can postulate that oxi-
dants from DUOX1 and from CS can act in concert to
phosphorylate the EGF-R and induce MUC5AC in CS ani-
mals. Considering the antioxidant properties of HO-1,
mainly related to bilirubin production,®'*2 interference with
this last pathway could also explain the protective effect of
HO-1 against EGF-R phosphorylation and MUC5AC induc-
tion by CS. Whatever the mechanisms involved, our results
provide the first demonstration of modulation of EGF-R
phosphorylation by HO-1. This finding has widespread im-
plications, considering the involvement of EGF-R phosphor-
ylation, including phosphorylation on tyrosine 845 found in
the present study, in different inflammatory diseases and in
cancer.®®7°° For example, a low HO-1 expression can ex-
plain increased frequency of lung adenocarcinoma in
smokers with the L* HO-1 gene promoter genotype,®® be-
cause this cancer type presents an increased phosphory-
lation of the EGF-R, resulting in a loss of cell apoptosis.®®

In conclusion, our study provides evidence that HO-1
counterbalances mucus hypersecretion induced by expo-
sure to CS in rodents and humans. These results suggest
that an induced HO pathway could be beneficial to attenu-
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ate mucus hypersecretion associated with exposure to CS
and COPD. In this context, use of new or well-known HO-1
inductors already applied in humans (such as curcumin or
probucol®”*8) and/or DUOX1 inhibitors or blockers could
become interesting new therapeutic approaches. These
possibilities have important implications in terms of public
health because mucus hypersecretion greatly contributes
to the morbidity and mortality of COPD," which is actually
the fifth cause of mortality and is predicted to be the fourth
one in the next 30 years.®
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